We demonstrate an approach to achieve a widely tunable photonic-assisted microwave phase shifter (MPS) based on single polarization multiplexing electro-optic modulator (PM-EOM). The PM-EOM can generate orthogonally polarized and phase coherent optical signals. A phase shifted microwave signal is generated by combining the orthogonally polarized signals and generating the signal in a photodetector. A polarization controller (PC) continuously tunes phase of the recovered microwave signals and ensure its magnitude is constant. Through joint adjusting of the wavelength plates inside the PC before a polarizer, phase of the recovered microwave signal in a frequency range of 1-18 GHz can be fully tuned over 360°. Phase deviation is less than 1.5°. The corresponding magnitude almost remains unchanged. Magnitude deviation is less than 2 dB. Phase drift is less than 4°within 120 s. The motivation of this work lies in the fact that the previously reported MPSs using EOMs are hard to be realized with single modulator without special devices or an optical bandpass filter. The photonic-assisted MPS can be expanded into a phase shifter array with a help of a 1 × N optical coupler, which can be applied in optically controlled beamforming.
Introduction
Microwave photonic signal processors play a growing role in the broadband wireless access networks, electrical warfare, modern radars or phase-array antennas, and sensor networks [1] , [2] . Compared with matured electrical counterparts, the photonic-assisted microwave processors can provide wider working bandwidth, more flexible tunability and reconfigurability, and immunity to electromagnetic interference for avoiding electromagnetic bombs [3] . Wideband photonic-assisted microwave phase shifter (MPS) is one kind of photonic-assisted microwave processors.
Up to now, photonic-assisted MPSs have been proposed and experimentally demonstrated based on a slow light effect in semiconductor optical amplifier (SOA) [4] , vector sum [5] , stimulated Brillouin scattering (SBS) in a fiber or a photonic chip [6] - [7] , heterodyne mixing [8] , wavelength conversion in a quantum well distributed-feedback (QE-DFB) laser [9] , and cross-phase modulation (XPM) in a nonlinear optical loop mirror (NOLM) or a SOA [10] . The approach based on SBS effects usually requires a spool of fiber or special devices [6] , which makes configurations to be considerably bulky and unstable. These approaches usually suffer from high system complexity, weak long-term stability, a limited phase shifting range, large footprint, and narrow working bandwidth. To overcome the limitations induced by optical nonlinear effects, several configurations have been proposed based on a phase modulator (PM) and a polarization-maintaining fiber Bragg grating (PM-FBG) [11] , a silicon dual-phase-shifted waveguide Bragg grating (DPS-WBG) with a dual-parallel MachZehnder modulator (DP-MZM) [12] , an PM combining with a differential-group-delay (DGD) element [13] , and a polarization modulator (PolM) joint with a polarizer [14] . These phase shifters in [11] and [13] , however, cannot work with wide working bandwidth, which is determined by the reflection bandwidth of the PM-FBG and the DGD element operation bandwidth. In [12] , although a modulator was used, a special design device has to be additionally used to introduce phase shift. In [14] , phase of the recovered microwave signal can be continuously changed by tuning the polarization direction of the polarizer followed after the PolM. However, an optical bandpass filter (OBPF) has to be attached after the PolM to achieve a single sideband (SSB) polarization modulation, which will lead to wavelength dependence. It is also difficult to keep magnitude response constant [14] .
In this paper, we propose a photonic-assisted MPS based on single polarization multiplexing electro-optic modulator (PM-EOM). The proposed MPS can operate without wavelength dependence and allow phase tuning of microwave signals from 0°to 360°over a frequency range of 1-18 GHz. Two dual-parallel Mach-Zehnder modulators (DPMZMs) are used in two arms of the PM-EOM in parallel with a polarization multiplexing. The PM-EOM is an integrated device which has a small footprint. Therefore, a compact and high stability MPS can be achieved. One of core aims of this work is to decrease the volume of the MPS to improve the whole system stability to meet realistic applications compared with previous works [4] - [14] . Moreover, we can effectively eliminate wavelength dependence which is inevitable in some schemes [5] , [10] , [11] , [13] , [14] , and remove special devices [7] , [13] , and special nonlinear optic effects [4] , [6] , [7] , [9] , [10] . We can independently control phase response and magnitude response of the MPS. In the phase shifter, the microwave signal being phase shifted is introduced into one of DPMZMs working at a frequency shifting condition. The other DPMZM of the PM-EOM is not modulated by a microwave signal. Therefore, the orthogonally polarized SSB signal can be obtained at the modulator output. The optical signal is injected into a polarizer via a polarization controller (PC). The orthogonally polarized optical signals are projected into a polarization direction with a help of the polarizer. The optical signal after the polarizer is sent into a photodetector (PD) to achieve optical-electrical conversion. The PC continuously change phase of the recovered microwave signal and keep its magnitude constant. Phase deviation can be controlled less than 4°over 360°tuning range in the frequency range of 1-18 GHz and magnitude deviation can be controlled less than 2 dB. Phase drift can be kept less than 4°within 120s.
Principle
The schematic diagram of the proposed MPS is shown in Fig. 1(a) . The corresponding optical spectra after different positions are shown in Fig. 1(b) . Optical carrier from a narrow line-width fiber laser is first injected into a PM-EOM, which is a commercially available integrated device consisting of two DPMZMs in parallel, a polarization beam splitter (PBS), a polarization beam combiner (PBC). The optical carrier is divided by the PBS into two parts along two orthogonal polarization directions (X pol and Y pol) and the two signals are polarization multiplexed by the PBC. The optical carrier is oriented at an angle of 45°to X pol axis of the modulator by tuning the PC1 at the input of the modulator. The normalized electrical filed of the optical carrier at the input of the modulator along the two polarization axes can be represented as where ω 0 is angular frequency of the optical. In the scheme, the optical carrier projected in the X pol direction will be modulated by a microwave signal at frequency of ω m while that projected at the Y pol direction will not be modulated. x and y represent the two polarization principle axes of the PM-EOM. The optical carrier with X pol direction is carrier-suppressed by adjusting bias voltages of the upper DPMZM as shown in inset of Fig. 1 and one of its first order sidebands will be destructive interference. Therefore, the electrical field at the output of the modulator can be rewritten as
where J n (·) is the Bessel function of the first kind of n order. r L represents insertion loss of each DPMZM. The DPMZM contains two MZMs in its two arms. Combining the two MZMs at output of the DPZMZ form the third MZM. β is phase modulation index of the MZMs on each arm of the DPMZM, which can be expressed as β = πV m /V π . V π is the half-wave voltage of the MZMs. ϕ 1 is the static phase shift induced by the bias of this DPMZM, which can be expressed as ϕ 1 = πV/V π−bias . V π−bias is the static half-wave voltage of the MZMs. ϕ 2 is the static phase shift by controlling the bias voltage of the MZM 3 . We can obtain the phase coherent SSB modulated signal at the output of the modulator without the OBPF. It is implied from (2) that their polarization directions are orthogonal with each other and the carrier and sideband ratio can be flexibly tuned by controlling the bias voltages of the PM-EOM and the driven microwave power. When the optical carrier power equals that of the optical sideband, average power of the recovered electrical signal is constant. This fundamental principle can be used to eliminate the baseband frequency components for the generation of ultra-wideband (UWB) signal [15] . By optimizing the bias voltages of the DPMZM in the Y polarization direction, we obtain the optical carrier and sideband ratio with 0 dB which can contribute to achieve the maximum system sensitivity [16] . The orthogonally polarized optical signals are fed into PC2, which introduces a tunable phase difference between two orthogonal polarization modes and changes polarization directions of the optical signals [17] . The mathematical model of PC2 is expressed as [18] P F (θ, α) = cos θ − sin θ sin θ cos θ exp (jα) 0
where θ is the rotation angle, and 2α is phase difference between the two orthogonal polarization modes. The electrical field at PC2 output can be rewritten as
The optical signal is injected into a polarizer to project the two orthogonally polarized optical components into one polarization direction. Fig. 1(c) shows the schematic diagrams of the polarization states at different device outputs. The polarization direction of the polarizer has an angle of η with the direction of the electrical filed of E x (t). The electrical field at the polarizer output gives E out (t) = E x (t) cos (η) + E y (t) sin (η)
Then, the optical signal is fed into a PD for square-law detection, we can get the photo-current as I out (t) ∝ cos(2θ − 2η) cos (ω m t − 2α) .
As can be seen from (6), magnitude and phase of the recovered microwave signal can be separately adjusted which is different with [14] . In [14] , the optical signals injected into a polarizer have to be circularly polarized to ensure the magnitude of the recovered microwave signal is constant, which is very difficult because state of polarization changes along with light propagating. In [14] , the circular polarized signals of the PolM output are obtained by introducing a static phase shift of π/2 between two principle axes of the PolM. We can continuously tune the phase of the recovered microwave signal without changing the corresponding magnitude. A fiber-coupled PC includes two quarter-wave plates (QWP) and a half-wave plate (HWP) where the central one is a half-wave plate. Therefore, we can jointly adjust the three plates to achieve θ = η and continuously tune the phase of the recovered microwave signals.
Experiment and Results
We carried out an experiment to demonstrate the proposed approach. A wavelength tunable LD (Koheras AdjustiK E15) with linewidth of less than 0.1 kHz was applied as the optical carrier with wavelength and the power of ∼1549.591 nm and 11 dBm, respectively. The optical signal was injected into a PM-EOM (LAAM000), which has an optical bandwidth of 23 GHz and half wave voltages of 3.5 V and 16 V at the RF port and at DC port, respectively. The microwave signal fed to the DP-DPMZM comes from an EVNA (HP 8720D) with an output sweeping frequency range from 50 MHz to 20 GHz and maximum output power of 5 dBm. To achieve small signal modulation, we set its output power of 3 dBm in our experiment. The electrical signal being phase shifted was injected into a 90°hybrid coupler (HC) bought from KRYTAR company with working frequency range from 1 GHz to 18 GHz which divide it into two parts with a 90°phase difference. The two microwave signals were fed into two ports of the upper DPMZM of the PM-EOM to shift central frequency of the optical carrier. Electrical length of two paths from the HC to RF ports of upper DPMZM should be identical. We make use of two differential cables to connect two output ports of the HC and two input RF ports of the upper DPMZM. Orthogonally polarized SSB signal was obtained at the PM-EOM output. The optical signal was fed into the PD with a bandwidth of 40 GHz through the PC2 and the polarizer to achieve optical-to-electrical conversion. The combination of PC2 and the polarizer converts polarization modulation into phase modulation. In our experiment, a PBS (Newport) with polarization extinction ratio (ER) of more than 30 dB took the place of the polarizer. Fig. 2(a) shows the measured optical spectra at the PM-EOM output recorded by an optical spectrum analyzer (OSA). As can be seen from Fig. 2(a) , we can convert a double sideband (DSB) modulation into the SSB modulation and the side-mode suppression ratio can reach more than 22 dB. The +1st and higher order sidebands can be effectively suppressed. To verify the polarized orthogonally property of the generated signal, we measured the optical spectra at output of the polarizer as shown in Fig. 2(b) . The polarization ER between the two orthogonal signals is more than 26 dB.
Phase responses of the MPS measured by an EVNA are shown in Fig. 3(a) and also can be recorded by an oscilloscope [19] . The MPS was first calibrated at 0°, and the PC2 was adjusted to change phase of the recovered microwave signal. Flat phase responses as shown in Fig. 3(a) were obtained from −180°to 180°over a frequency range from 1 GHz to 18 GHz. Magnitude responses of the phase shifter at different polarization conditions corresponding to that as shown in Fig. 3(a) are shown in Fig. 3(b) .
For the MPS, the phase shifting accuracy, phase deviation, and magnitude deviation are key parameters to be considered for realistic applications. To study these elements, we measured phase and magnitude response when phase shift was set at 90°as shown in Fig. 4(a) . It is desirable that exact phase shift of 90°can be obtained. However, in our lab, the fiber-couple PC2 is a manual device so that the phase shifting accuracy is limited. The accuracy, peak-to-peak phase deviation, peak-to-peak magnitude deviation shown as in Fig. 4(a) are about 2°, 1.5°, and 1.8 dB, respectively. If a high precision electrically controlled PC replaces the manual one, the phase shift accuracy can be improved [20] . Electrically controlled PCs can also shorten system response time. To study long-term stability of the MPS, we let the experimental system free run in the laboratory environment without any active controllers. Fig. 4(b) shows phase stability of the MPS at a fixed frequency of 9 GHz with phase shift of 0°in a blue line and 135°in a red line over a sweeping time of 120 s. It is observed that the phase drift is less than 4°. However, an observable peak appears at the same time point over a full 360°phase tuning range which is attributed to the shortcoming of the EVNA. We measured the frequency dependence of the bias voltages of the PM-EOM as shown in Fig. 5 . The frequency of the microwave signal was swept from 3 GHz to 18 GHz. The lower limit is restricted by the limited resolution of the OSA and the upper limit depends on working bandwidth of the HC. In this measurement, the optical carrier was first suppressed with a suppression ratio of more than 33 dB by tuning bias voltages of the PM-EOM to demonstrate the frequency dependence of the bias voltages. The bias voltages of the upper DPMZM were then adjusted to suppress the +1 order sideband with a suppression ratio of more than 27 dB. As can be seen from Fig. 5 , the optical power of the corresponding +1 order modulated sideband has a slight relation with the frequency of the microwave signal being phase shifted and the optical carrier can be suppressed with an almost constant ER. Some active feedback control systems can also be applied for alleviating the frequency dependence of the bias voltages of the PM-EOM [21] , [22] . In this scheme, the operating bandwidth MPS is primarily limited by the working bandwidth of the electrical HC. The proposed MPS can effectively expand the lowest bandwidth limit compared with [14] . An optically controlled phase array antenna can be achieved based on the proposed MPS with a help of 1 × N optical coupler [23] . In principle, the proposed MPS could be expanded into N independent phase shifter. In [24] , the MPS was realized based on a DPMZM and an optical bandpass filter (OBPF), which is a simple approach. However, one of limitations is wavelength dependence and the MPS cannot be expanded into a phase shifter array [23] . The proposed MPS can achieve frequency-doubling MPS or even frequency-quadrupling MPS to meet some realistic applications. The proposed method can also achieve a wideband microwave photonic splitter.
Conclusion
We proposed and experimentally demonstrated a wideband full 360°photonic-assisted MPS based on single PM-EOM. The proposed MPS uses two DPMZMs in the two arms of the PM-EOM in parallel. The upper DPMZM is used to achieve a frequency shifting optical signal, and the lower DPMZM is not modulated. The SSB modulated optical signal with a polarized orthogonally property can be obtained at the output of the PM-EOM. A full 360°phase tuning in the frequency range of 1-18 GHz with less than 1.5°phase deviation can be achieved by jointly adjusting three wavelength plates of the PC2 output, whereas the corresponding magnitude almost stays constant with less than 2 dB magnitude deviation. Meanwhile, phase drift of the recovered microwave signal is less than 4°within 120s.
